The RTG designs described in the preceding paper in these proceedings were analyzed for their thermal and electrical performance. Each analysis consisted of coupled thermal, thermoelectric, and electrical analyses, using Fairchild-generated specialized computer codes. These were supplemented with preliminary structural and mass analyses. For each design, various cases representing different operating conditions (water-cooled/radiation-cooled, BOM/EOM, summer/winter, dayhight) and different thermoelectric performance assumptions (from conservative to optimistic) were analyzed; and for every case, the heat flow rates, temperatures, and electrical performance of each layer of thermoelectric elements and of the overall RTG were determined. The analyses were performed in great detail, to obtain accurate answers permitting meaningful comparisons between different designs.
INTRODUCTION
The preceding paper [l] i n these proceedings described generic designs o f RTGs t o power the Mars Rover v e h i c l e o f t h e Mars Rover Sample Return (MRSR) mission under study a t JPL. Two s p e c i f i c designs were described: one based on standard unicouples, l a r g e assemblies o f which have demonstrated s t a b l e performance i n very lengthy space and ground operations (>lOO,OOO h r s ) ; and one based on standard multicouples, which have demonstrated s t a b i l i t y i n much shorter t e s t s (6000 h r s ) . The basic design concepts described i n t h a t paper are a l s o adaptable t o thermoelectric elements c o n t a i n i n g a v a r i e t y o f geometric and m a t e r i a l s improvements.
The present paper presents mass breakdowns and describes d e t a i l e d thermal, thermoelectric, and e l e c t r i c a l analyses o f both 250-watt and 125-watt RTG designs employing standard uni coup1 es and demonstrated m a t e r i a l s p r o p e r t i e s . I t then proceeds t o apply t h e same analyses t o RTG designs employing thermoelectric elements o f postulated advanced geometries andlor m a t e r i a l s . I t s purpose i s t o d e f i n e t h e RTG parameters achievable with c u r r e n t technology, and t o determine how much those parameters could be enhanced i f various items o f new technology could be s u c c e s s f u l l y developed. When t h i s i n f o r m a t i o n i s coupled w i t h an assessment o f t h e d i f f i c u l t y , cost, and success p r o b a b i l i t y o f developing those items o f new technology, i t provides a basis f o r informed decisions about optimum program s t r a t e g y f o r given schedule and budget l i m i t s .
MASS BREAKDOWN OF BASELINE RTG
The "baseline" Mars Rover RTG design i s described i n the preceding paper [l], and depicted there i n Figures 10 and 1 1 . I t contains eighteen General Purpose Heat Source (GPHS) modules and 576 standard unicouples.
I t i s
designed f o r a nominal power output o f 250 watts EOM, based on demonstrated thermoelectric performance l e v e l s . I t s mass breakdown, based on a non-optimized r a d i a t o r f i n design, i s presented i n t h e l e f t h a l f o f Table 1 . The r i g h t h a l f o f t h e t a b l e shows the corresponding breakdown f o r t h e e x i s t i n g G a l i l e o RTG, t o ensure t h a t a l l required RTG components have been p r o p e r l y accounted f o r i n t h e Rover RTG mass breakdowns. 
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The l e f t column o f Table 1 shows t h a t the baseline RTG has a t o t a l mass o f 58.7 kg. As shown, most (58%) o f t h a t mass i s i n the heat source r a t h e r than the converter, and most o f t h a t (77%) resides i n the heat source modules. I t i s a l s o noteworthy t h a t t h e heat source c a n i s t e r , which enables operation o f the RTG i n the Martian atmosphere, has a mass o f 3 . 8 kg.
The r i g h t h a l f o f Table 1 shows the corresponding mass breakdown f o r the e x i s t i n g G a l i l e o RTGs.
As seen, the baseline Rover RTG, w i t h i t s non-optimized r a d i a t o r f i n s , i s 4.6% heavier than the G a l i l e o RTG.
A major p a r t o f t h a t d i f f e r e n c e (3.77 kg) i s due t o t h e c a n i s t e r needed f o r Mars operations. The other subsystems have very s i m i l a r masses i n t h e two RTGs.
RTG MASS BREAKDOWN (lg) EAT SOURCE
UNICOUPLE RTG BASELINE DESIGN
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MULTICOUPLE RTG
The preceding design assumed t h a t the Rover's 500-watt power requirement would be met by two 250-watt RTGs.
For ease o f i n t e g r a t i o n , i t may prove p r e f e r a b l e t o employ four 125-watt RTGs, even though these would have a lower e f f i c i e n c y and lower s p e c i f i c power, because o f increased end-section heat losses and masses. To assess t h a t option, the reduction i n e f f i c i e n c y and s p e c i f i c power must be q u a n t i f i e d , t o support the Rover design t r a d e -o f f . Table 2 presents a mass comparison between the two o p t i o n s .
For ease o f comparison, t h e t a b l e presents masses n o t for the s i n g l e RTGs b u t f o r the f u l l s e t of RTGs required t o produce 500 watts. The basic design of the h a l f -l e n g t h RTG i s e s s e n t i a l l y the same as t h a t o f the f u l l -l e n g t h RTG.
The only change, besides the 50% reduction i n the number of heat source modules and number o f unicouple r i n g s , i s a decrease i n the w a l l thickness o f the RTG housing from 0.090" t o O.06Ot1, and a reduction from three p a r a l l e l B e l l e v i l l e springs t o one. These changes from the f u l l -l e n g t h u n i t are made p o s s i b l e because t h a t the h a l f -l e n g t h housing i s subjected t o lower bending moments under traverse loads, and the h a l f -l e n g t h heat source stack can be h e l d together w i t h o n l y about one f o u r t h the a x i a l preload.
Tale 2 shows t h a t the use o f four s h o r t RTGs instead o f two long ones leads t o a doubling o f the mass o f the RTG end sections, i n c l u d i n g the bellows, g r a p h i t e pressure p l a t e s , load studs, z i r c o n i a i n s u l a t o r s , other preload hardware, m u l t i f o i l end i n s u l a t i o n , housing ends and covers, and o f the mass of the resistance thermometer, gas management assembly, and a u x i l i a r y coolant manifolds.
I n a d d i t i o n , there i s a l s o a s i g n i f i c a n t increase i n t h e mass o f the c a n i s t e r end caps and load spreaders and o f the multicouples both use SiGe legs, b u t the N-legs o f t h e multicouples t h a t were t e s t e d contained a GaP a d d i t i v e , which r a i s e s t h e couples' BOM f i u r e o f m e r i t (2) from 0.00058 K -l t o 0.00072 K-?. This increases t h e BOM m a t e r i a l e f f i c i e n c y from 7.86% t o 8.57%. As a r e s u l t , the multicouple RTG can achieve i t s 250-watt output goal with a lower thermal i n p u t power. Therefore, t h e multicouple RTG design i s based on 16 rather than 18 heat source modules, as i n d i c a t e d i n t h e t a b l e . P a r e n t h e t i c a l l y , i t should be noted t h a t unicouples w i t h Gap-doped N-legs may a l s o be possible.
But these have n o t y e t been b u i l t and tested, and t h e i r development would n o t be a t r i v i a l m a t e r i a l s u b s t i t u t i o n because t h e two types o f TE elements employ s u b s t a n t i a l l y d i f f e r e n t h o t -j u n c t i o n bonding methods.
As shown i n Table 3 , t h e t o t a l mass o f the multicouple RTG i s 23% lower than t h a t o f the baseline RTG (45.3 k g versus 58.7 kg).
One o f t h e primary causes o f t h a t mass reduction i s t h e smaller number o f heat source modules and t h e r e s u l t a n t shorter RTG length. The shorter l e n g t h n o t o n l y has a d i r e c t e f f e c t on t h e mass o f t h e RTG housing and the heat source c a n i s t e r , b u t a l s o r e s u l t s i n a d d i t i o n a l mass savings: the housing w a l l thickness can be reduced, because the bending moments on t h e c a n t i l e v e r e d s t r u c t u r e are lower: and t h e mass o f the B e l l e v i l l e springs i s reduced because the a x i a l preload t o h o l d t h e heat source stack together i s lowered.
I n a d d i t i o n t o t h e above mass savings, which r e s u l t from the higher thermoelectric material e f f i c i e n c y , t h e r e are a l s o s i g n i f i c a n t savings d e r i v i n g from t h e thermal i n s u l a t i o n used i n t h e multicouple RTG. E l i m i n a t i o n o f the quartz c l o t h spacers between t h e 60 l a y e r s o f MO f o i l r e s u l t s i n d i r e c t mass savings and i n s i g n i f i c a n t i n d i r e c t savings.
The l a t t e r occur because the much t h i n n e r i n s u l a t i o n package and shorter TE legs reduce t h e RTG housing diameter from 9.1" t o 7.5".
The t a b l e r e f l e c t s t h e n e t r e s u l t o f a l l these mass changes.
RTG THERMAL ENVIRONMENT
The various RTG designs were analyzed f o r t h e f o l l o w i n g four combinations o f thermal power and c o o l i n g : 1) Beginning-of-Mission (BOM), assumed t o be 3 years a f t e r f u e l i n g , on a h o t (300OK) summer day on Mars, t o determine t h e RTG's maximum hotj u n c t i o n and c l a d operating temperatures t o confirm t h a t they d i d n o t exceed established l i m i t s .
2)
End-of-Mission ( E O M ) , assumed t o be 7 years a f t e r f u e l i n g , on a h o t summer day on Mars, t o compare t h e EOM power output with t h e design goal.
3)
EOM on a c o l d (14O0K) winter n i g h t on Mars, t o determine t h e e f f e c t o f a c o l d environment on EOM power.
4)
BOM with t h e RTG contained w i t h i n t h e Rover's aeroshell and with i t s f i n s cooled by an a u x i l i a r y coolant loop, t o determine t h e power output and RTG temperatures during t r a n s i t t o Mars.
(The a u x i l i a r y c o o l i n g tubes were t e n t a t i v e l y assumed t o have a w a l l temperature o f All t h e design analyses completed t o date were based on the u n r e a l i s t i c assumption t h a t each RTG has an unobstructed view o f space and of the M a r t i a n ground.
I n a d d i t i o n , we p l a n t o analyze t h e case o f f o u r 125-RTGs mounted i n p a r a l l e l on t o p o f the Rover, a t i t s four corners, t o assess the e f f e c t o f mutual blockage o f t h e i r r a d i a t o r s .
This i s a concept c u r r e n t l y favored by some Rover designers a t JPL. 100OC).
THERMAL AND ELECTRICAL ANALYSIS
The a n a l y s i s described i n t h i s s e c t i o n c o n s i s t s o f t h r e e p a r t s (thermal, thermoelectric, and e l e c t r i c a l ) , which must be performed simultaneously and i n t e r a c t i v e l y .
The a n a l y s i s uses s p e c i a l i z e d computer codes generated by F a i r c h i l d t o compute the heat flows, temperatures, and e l e c t r i c a l parameters o f each l a y e r o f thermoelectric elements. I n p u t s include the RTG design, the thermal i n p u t power (BOMIEOM), t h e c o o l i n g mode ( w a t e r l r a d i a t i o n , Mars environment), the TE m a t e r i a l s and performance, and the desired e l e c t r i c a l output voltage.
The thermal a n a l y s i s employs a 425-node
SINOA model o f t h e axisymmetric RTG t o compute t h e a x i a l v a r i a t i o n o f t h e temperatures o f t h e various RTG components.
That a x i a l v a r i a t i o n i s appreciable, because o f unavoidable end losses through the s t r u c t u r a l supports a t the top and bottom o f t h e heat source stack.
Each heat source module and thermoelectric element l a y e r i s d i s c r e t e l y represented i n t h e SINOA model.
The computed heat f l o w through t h e various TE elements includes the e f f e c t s o f P e l t i e r cooling: ohmic heating i n legs, electrodes, and leads; heat converted t o e l e c t r i c i t y ( i . e . , t h e TE l e g s e f f e c t i v e l y a c t as heat sinks); and heat losses through m u l t i f o i l , glass, and quartz yarn wrap.
The thermoelectric a n a l y s i s includes t h e e f f e c t s o f measured contact resistances and ohmic losses i n legs, electrodes, and leads; experimentally determined e f f e c t s o f long-term material degradation o f SiGe; and optimized n l p l e g area r a t i o s . Other c o n s t r a i n t s are t h a t a l l TE elements i n s e r i e s must have t h e same c u r r e n t , and a l l i n p a r a l l e l must have the same voltage.
The a n a l y s i s uses temperature-dependent values o f the Seebeck c o e f f i c i e n t , e l e c t r i c a l r e s i s t i v i t y , and thermal c o n d u c t i v i t y f o r t h e SiGe N and P legs, with a tempera u r e averaged f i g u r e o f m e r i t (2) o f 0.000583 Ka t BOM and 0.000548 K -l a t EOM f o r the baseline SiGe unicouple.
The thermal and e l e c t r i c a l r e s u l t s are used t o compute the m a t e r i a l e f f i c i e n c y , couple e f f i c i e n c y , and converter e f f i c i e n c y o f each l a y e r o f TE elements, and the o v e r a l l RTG system e f f i c i e n c y .
The thermal a n a l y s i s o f t h e i n i t i a l design assumed an RTG housing w a l l thickness o f 0.090°r I - and e i g h t r a d i a t o r f i n s o f a trapezoidal crosssection, with a f i n r o o t thickness o f 0.060", a f i n t i p thickness o f 0.015", and a r o o t -t o -t i p f i n h e i g h t o f 3 . 0 " .
The f i n s have an a x i a l l e n g t h o f 42.7". Thus, they extend 2 . 5 " beyond each end o f the a c t i v e thermoelectric zone. These dimensions were based on the r e s u l t s o f a p r e l i m i n a r y s t r u c t u r a l analyses described i n the next paper a t t h i s conference The f i g u r e shows the maximum temperatures o f the i r i d i u m (1172OC), the g r a p h i t e heat source surface (1087OC), the molybdenum c a n i s t e r (10580C), the SiGe h o t j u n c t i o n (996OC) and c o l d j u n c t i o n (293OC). O f p a r t i c u l a r i n t e r e s t are the maximum temperatures o f the z i r c o n i a i n s u l a t o r s (1005°C), the Inconel support studs (58EoC), the t i t a n i u m springs (217OC), and the aluminum housing (272OC), since t h e i r mechanical p r o p e r t i e s and creep c h a r a c t e r i s t i c s are strong f u n c t i o n s o f temperature.
To i l l u s t r a t e the approach used i n the thermal, thermoelectric, and e l e c t r i c a l analyses o f the various RTG designs, the BOM r e s u l t s f o r the baseline RTG r a d i a t i n g t o a 300°K s i n k are presented i n d e t a i l i n Figures 2, 3 The numbers a t the r i g h t edge o f the f i g u r e show the summed heat flows f o r the whole RTG. As can be seen, t h i s RTG design has a thermal e f f i c i e n c y o f 387414396 = 88%.
The 97-watt d i f f e r e n c e between the 4396 watts generated by the f u e l and the 4299 watts f l o w i n g t o the converter represents the a x i a l heat loss from t h e ends o f the heat source stack; and the 425-watt d i f f e r e n c e between the heat flow t o t h e converter and the 3874 watts f l o w i n g t o the TE legs represents the heat losses through the thermal i n s u l a t i o n and quartz yarn wrap surrounding the TE elements.
The 292-watt d i f f e r e n c e between the heat f l o w s t o and from t h e TE l e g s (curves 4 and 5) represents t h e gross e l e c t r i c a l power output; and t h e 278-watt d i f f e r e n c e between t h e heat flows t o and from the converter (curves 2 and 3) represents the n e t e l e c t r i c a l power output, a f t e r lead losses. Figure 3 d e p i c t s t h e a x i a l temperature v a r i a t i o n s i n t h e RTG. The heat losses from the end o f t h e heat source stack r e s u l t i n the depicted temperature p r o f i l e s o f the f u e l capsule clads, the modules' aeroshell surfaces, t h e c a n i s t e r , and t h e unicouple h o t j u n c t i o n s . The f i g u r e a l s o shows t h e a x i a l temperature v a r i a t i o n s o f t h e c o l d j u n c t i o n s , the f i n r o o t , and t h e f i n t i p . 
AXIAL TEMPERATURE PROFILES
H. S. MODULE #
The f i g u r e shows s i x temperature drops between t h e various curves.
The f i r s t (-85OC) represents t h e drops i n s i d e t h e heat source modules, across t h e g r a p h i t i c s and helium gaps. The second (-29%) i s the drop across t h e helium gap t o the c a n i s t e r , and t h e t h i r d (-62OC) i s across t h e vacuum gaps and through the TE heat c o l l e c t o r s . The f o u r t h (703 t o 728OC) i s the temperature drop across t h e SiGe TE legs. As can be seen, t h i s i s t h e l a r g e s t o f t h e drops. I t i s t h e o n l y one t h a t makes a useful c o n t r i b u t i o n i n a c t u a l l y generating e l e c t r i c a l power.
A l l the other temperature drops represent thermodynamic losses.
The f i f t h drop (-29OC) represents the thermal resistance o f t h e unicouple's cold-end and t h e l o s s f o r c i r c u m f e r e n t i a l heat t r a n s p o r t through t h e aluminum housing t o t h e nearest f i n ; and t h e s i x t h drop (44OC) i s t h a t due t o r a d i a l heat f l o w through the f i n i t s e l f .
The depicted v a r i a t i o n o f t h e h o t -j u n c t i o n
temperatures would r e s u l t i n a s i g n i f i c a n t performance loss, were i t n o t balanced by a s i m i l a r convex p r o f i l e o f t h e c o l d -j u n c t i o n temperatures. This was achieved by extending the r a d i a t o r f i n s beyond the a c t i v e l e n g t h o f t h e RTG, as mentioned e a r l i e r .
I n f a c t , t h e temperature drop-off o f the c o l d j u n c t i o n s near the STG ends i s greater than t h a t o f t h e hof j u n c t i o n s .
This explains why t h e unicouples heat f l o w r a t e s , power outputs, and e f f i c i e n c i e s are a c t u a l l y higher a t t h e ends o f t h e RTG than a t the center, as shown i n FIgures 2 and 4.
AXIAL VOLTAGE AND EFFICIENCY PROFILES
The temperature v a r i a t i o n s shown i n Figure 3 r e s u l t i n t h e unicouple voltage and e f f i c i e n c y p r o f i l e s displayed i n Figure 4 . The averaged values f o r the RTG are shown a t t h e r i g h t edge o f the f i g u r e .
The 0.010-volt d i f f e r e n c e between the gross and n e t couple voltages represents the e l e c t r i c a l losses i n t h e leads. 
H. S. MODULE #
The d i f f e r e n c e between t h e 7.86% m a t e r i a l e f f i c i e n c y and the 7.52% couple e f f i c i e n c y i s t h e e f f e c t o f ohmic losses i n the electrodes. The d i f f e r e n c e between t h e couple e f f i c i e n c y and the 6.46% converter e f f i c i e n c y shown i n the f i g u r e r e f l e c t s t h e e l e c t r i c a l losses i n t h e leads and t h e thermal losses through t h e m u l t i f o i l s i d e i n s u l a t i o n and the quartz yarn wrap.
As seen, the a x i a l v a r i a t i o n o f the e f f i c i e n c i e s i s q u i t e small. I n f a c t , the couples near the ends have a higher e f f i c i e n c y because o f t h e i r lower coldj u n c t i o n temperatures, which r e s u l t from a x i a l l y extending the r a d i a t o r f i n s beyond the thermoelectric region. The 0.55-percentage-point d i f f e r e n c e between t h e o v e r a l l converter e f f i c i e n c y and the 6.32% system e f f i c i e n c y r e f l e c t s the heat losses through the RTG ends. Figure 4 shows t h a t there are s u b s t a n t i a l d i f f e r e n c e s between the BOM material e f f i c i e n c y , couple e f f i c i e n c y , converter e f f i c i e n c y , and system e f f i c i e n c y . This h i g h l i g h t s the importance o f s p e c i f i c i t y i n r e p o r t i n g RTG e f f i c i e n c i e s .
EFFECT OF COOLING MODE ON RTG PERFORMANCE Table 4 i l l u s t r a t e s the e f f e c t o f the c o o l i n g mode on the BOM temperature d i s t r i b u t i o n , e f f i c i e n c i e s , and output o f the baseline RTG. The l e f t column shows the r e s u l t s f o r the watercooled RTG, representative o f the launch and o r b i t a l t r a n s i t conditions; the middle column present the corresponding r e s u l t s f o r the radiation-cooled RTG, representative o f operations on a Martian summer day (300OK); and the r i g h t column shows s i m i l a r r e s u l t s f o r a Martian winter n i g h t (140OK). The l e f t and middle f i n r o o t temperatures are used t o compute the d i f f e r e n t i a l thermal expansion o f the aluminum housing, which d i c t a t e s the required B e l l e v i l l e s p r i n g t r a v e l o f 0.099". This thermal expansion d i f f e r e n c e r e s u l t s i n a r e l a x a t i o n o f the a x i a l s p r i n g load. Consequently, the l a t e r a l G-loads t h a t the heat source stack can t o l e r a t e are 40% lower on Mars than d u r i n g launch.
Comparison o f the three sets o f e f f i c i e n c i e s and RTG outputs show almost i d e n t i c a l r e s u l t s f o r the three cases.
This i s because, f o r a f i x e d design, changes i n the c o l d -j u n c t i o n temperatures cause s i m i l a r changes i n the h o t -j u n c t i o n temperatures; and because the temperaturei n t e g r a t e d thermoelectric p r o p e r t i e s o f SiGe are n o t very s e n s i t i v e t o c o l d -j u n c t i o n temperature. As a r e s u l t , the power output o f the RTG i s q u i t e i n s e n s i t i v e t o thermal environment, so t h a t the RTG can produce e s s e n t i a l l y the same power during launch and d u r i n g t r a n s i t t o Mars as t h a t generated on Mars i n e i t h e r summer or w i n t e r . We t h e r e f o r e conclude t h a t the RTG can d e l i v e r f u l l operating power d u r i n g the water-cooled c r u i s e t o Mars;
and t h a t the power output o f the r a d i a t i v e l y cooled RTG i s e s s e n t i a l l y independent o f the Martian temperature.
EFFECT OF LIFETIME ON RTG PERFORMANCE Table 5 i l l u s t r a t e s the change from BOM ( 3 years a f t e r f u e l encapsulation) t o EOM (7 years a f t e r f u e l encapsulation) on the output o f the radiation-cooled baseline RTG w i t h a 300°K sink temperature.
The l e f t column displays the BOM temperatures and output voltage, c u r r e n t , power, and e f f i c i e n c i e s o f t h e RTG, and the r i g h t h a l f shows t h e corresponding EOM values. The biggest cause o f power output change during t h a t p e r i o d i s the decay o f the radioisotope f u e l , which has a h a l f -l i f e o f approximately 89 years.
As a r e s u l t , the o r i g i n a l 4500-watt thermal power o f the 18-module heat source drops t o 4396 watts a t BOM and t o 4261 watts a t EOM.
As shown i n Table 5 , t h i s lowers the maximum c l a d temperature from 1172OC t o 1152OC, drops t h e maximum h o t -j u n c t i o n temperature from 996O t o 975OC, and reduces the maximum temperature drop i n the SiGe legs from 703OC t o 686OC.
This temperature drop reduction lowers t h e conversion e f f i c i e n c y . The reduced thermal power and reduced e f f i c i e n c y combine t o cause a greater-than-proportional reduction i n power output. This would be t r u e even i f there were no concurrent degradation i n thermoelectric p r o p e r t i e s o f the SiGe.
But there i s a w e l lcharacterized m a t e r i a l degradation, p r i m a r i l y because o f dopant p r e c i p i t a t i o n .
As a r e s u l t , t h e system e f f i c i e n c y a c t u a l l y drops from 6.32% t o 6.01% and t h e power output drops from 278 watts t o 256 watts, as shown i n the t a b l e . We t h e r e f o r e conclude t h a t t h e combined e f f e c t o f f u e l decay and thermoelectric degradation i s t o reduce the power output by -8%. Table 5 shows t h a t t h e power output o f t h e baseline RTG exceeds t h e goal o f 250 watts EOM, w i t h o u t exceeding t h e 1000°C h o t -j u n c t i o n temperature l i m i t o r t h e 133OoC c l a d l i m i t . The masses o f t h e two 11250-watt11 RTGs were compared with those o f four "125-watt" RTGs i n Table 3 . The temperatures, e f f i c i e n c i e s , and outputs f o r t h e two options are compared i n Table  6 , both f o r BOM and EOM. The t a b l e shows t h a t the s h o r t RTGs a l s o meet t h e i r design goal (125 watt EOM per RTG) w i t h o u t exceeding t h e 1000°C h o t -j u n c t i o n temperature l i m i t .
I t shows t h a t t h e system e f f i c i e n c y o f t h e s h o r t RTG i s almost as h i g h as t h a t o f the long RTG. This was n o t expected, because t h e four s h o r t RTGs have t w i c e as many end sections and obviously have greater heat losses from the ends o f t h e i r heat source stacks.
Evidently, these losses are compensated by t h e i r higher converter e f f i c i e n c i e s , as shown i n t h e t a b l e . Their higher converter e f f i c i e n c y i s due t o t h e i r lower c o l d -j u n c t i o n temperature (271OC versus 289OC) which r e s u l t s from t h e greater e f f e c t i v e n e s s o f t h e a x i a l r a d i a t o r extensions i n the s h o r t RTGs. I t should be noted, however, t h a t the r a d i a t o r f i n design has n o t y e t been optimized f o r e i t h e r t h e l o n g o r t h e s h o r t RTGs. Table 6 shows t h a t t h e s p e c i f i c power o f t h e s h o r t RTGs i s 9% lower than t h a t o f the long ones. This i s p r i m a r i l y due t o t h e i r higher mass rather than lower system e f f i c i e n c y . The d i f f e r e n c e i n s p e c i f i c power between t h e two options i s small enough t o make the s h o r t RTG o p t i o n a v i a b l e a l t e r n a t i v e t o t h e baseline design, i f t h e shorter u n i t s are indeed easier t o i n t e g r a t e with the Rover (e.g., because t h e shorter RTGs are l e s s prone t o block the Rover's sensors andlor antennas).
But t h i s conclusion w i l l have t o be re-examined a f t e r t h e e f f e c t o f mutual r a d i a t o r blockage o f m u l t i p l e RTGs i s taken i n t o account.
An a d d i t i o n a l advantage o f t h e s h o r t RTGs i s
t h a t i f one o f t h e four should experience c a t a s t r o p h i c f a i l u r e before the end o f t h e mission, t h e other t h r e e would s t i l l supply 75% o f t h e Rover's design power, p e r m i t t i n g continued Mars operations on a l i m i t e d scale.
MULTICOUPLE RTG PERFORMANCE
The preceding paper [l] described basic designs f o r RTGs employing standard unicouples (UC) and standard multicouples (MC). The multicouple RTG design shown i n Figures 13 and 14, with demonstrated MC performance parameters, was subjected t o d e t a i l e d thermal, thermoelectric, and e l e c t r i c a l analyses, i d e n t i c a l t o those performed f o r t h e baseline (unicouple) RTG.
The r e s u l t s o f those analyses f o r t h e two RTGs are summarized i n Table 7 , which compares t h e i r temperatures, e f f i c i e n c i e s , output powers, and s p e c i f i c powers.
Both cases are f o r F i n a l l y , t h e number o f thermoelectric r i n g s per heat source module had been a r b i t r a r i l y f i x e d a t 2.0 i n the baseline design ( f o r consistency w i t h t h e G a l i l e o RTG), b u t was v a r i e d i n each o f the f i v e comparison designs so as t o maximize the conversion e f f i c i e n c y .
Because o f these d i f f e r e n c e s i n a n a l y t i c a l approach, the r e s u l t s o f the material comparison a n a l y s i s are n o t an exact match t o those o f the baseline RTG analysis.
But the comparison a n a l y s i s i s i n t e r n a l l y consistent, and i t s r e s u l t s are a v a l i d comparison o f the r e l a t i v e RTG performance f o r the f i v e TE m a t e r i a l s .
Comparison o f the f i v e RTG designs showed, n o t s u r p r i s i n g l y , t h a t M a t e r i a l s 2, 3, and 4 yielded very s i m i l a r r e s u l t s .
Therefore, only the r e s u l t s f o r Options 1, 3, and 5 are presented below. Table 8 compares t h e i r performance, and Table 9 compares t h e i r mass breakdown.
Comparison o f columns 1 and 2 o f Table 8 shows t h a t the a d d i t i o n o f GaP i n the SiGe n-leg 
